Abstract. Both aminoethoxyvinylglycine (AVG) and 1-methylcyclopropene (1-MCP) are useful tools for managing apple fruit ripening, and their impacts on apple volatile production have been independently assessed. In this work, their combined effect, as might occur in commercial production and postharvest storage, on 'Royal Gala' apple volatile production at harvest and after air storage was compared with the effect of each alone. An aqueous solution of AVG was applied to 'Royal Gala' apple trees 4 weeks before the normal harvest date (H1) at 124 gÁha (H2) for 20 h at 30 8C with 1-MCP at a final headspace concentration of 1 mLÁL -1 . Fruit were ripened for 7 d at room temperature immediately after harvest and treatment or after treatment and then cold storage at 4 8C for 6 or 12 weeks. Peel and cortex tissue of control and AVG plus 1-MCP-treated fruit was provided with butanol or hexanol and ester production was quantified. The combination of AVG plus 1-MCP was more effective in reducing internal ethylene concentration than either alone. Both total volatile production and that of the major individual esters, including hexyl acetate, butyl acetate, and 2-methylbutylacetate, which are considered key constituents of 'Gala' aroma, were consistently repressed by the combination of AVG plus 1-MCP after harvest and up to 12 weeks of cold storage. The effects of AVG plus 1-MCP were evident even with H2 fruit when the effects of AVG alone on fruit ripening were at least partially lost. Because alcohol-acyl transferase activity was unaffected by AVG plus 1-MCP, AVG plus 1-MCPtreated peel and cortex samples had similar total ester production when they were provided butanol or hexanol. Total alcohols showed recovery in most treatments except AVG plus 1-MCP, so precursor availability was likely the major factor limiting ester production. The results indicated a sustained adverse effect of the AVG plus 1-MCP treatment on aroma volatile production that could impact consumer acceptability.
Techniques that stop premature fruit drop and slow ripening of climacteric fruit are valuable to growers, shippers, and retailers, permitting efficient harvest and orderly marketing. Aminoethoxyvinylglycine (AVG) is commercially used to stop apple (Malus ·domestica Borkh.) fruit drop with application 1 month before harvest (Drake et al., 2005 (Drake et al., , 2006 Greene, 2006; Greene and Schupp, 2004; Schupp and Greene, 2004) . The compound acts by blocking ethylene biosynthesis. Postharvest use of 1-methylcyclopropene (1-MCP), which binds to ethylene receptors and blocks a response to the phytohormone, can significantly delay apple ripening (DeLong et al., 2004; Ferenczi et al., 2006; Mattheis et al., 2005; Moya-Leon et al., 2007; Rupasinghe et al., 2000) . These compounds are commonly used along with cold storage to manage apple fruit ripening.
Several quality factors influence the acceptability of apples, including appearance, texture, and flavor. Flavor is a complex trait composed of sweetness, sourness, bitterness, saltiness, and aroma; the mix of sugars, acids, and volatile compounds play a primary role in quality composition (Baldwin, 2002) . Aroma volatile compounds produced by apple fruit include esters, alcohols, aldehydes, acids, ketones, and terpenes Lurie et al., 2002) . The majority of the volatiles are esters (78% to 82%) and alcohols (6% to 16%), and the most abundant are evennumbered 2 to 6 carbon chains (Paillard, 1990) . The changes in volatile production during ripening result from an increase in ester production that is regulated by ethylene . Ester synthesis involves the transfer of acyl moieties to alcohols from acyl-CoAs. This step, catalyzed by the enzyme alcohol-acyl transferase (AAT), is regulated by ethylene through an induction in transcription of AAT (Defilippi et al., 2005a; . However, Echeverria et al. (2004) found that precursor availability is a more significant factor overall than enzyme activity for the development of aroma during on-tree maturation of 'Fuji' apples.
Cold storage alone can alter aroma volatile production (Plotto et al., 2000) . In addition, AVG inhibited ethylene and volatile production (Bangerth and Streif, 1987; Fan et al., 1998; Halder-Doll and Bangerth, 1987; Mir et al., 1999) , and 1-MCP reduced total volatile production of several apple cultivars after treatment or cold storage (Ferenczi et al., 2006; Kondo et al., 2005; Lurie et al., 2002; Rupasinghe et al., 2000) . Thus, apple flavor can be altered by these common practices, and it is possible that these compounds may be used together along with cold storage. When used in combination as preand postharvest applications, respectively, AVG plus 1-MCP effects have been inconsistent, improving fruit firmness after cold storage more than either alone in some but not all studies (Argenta et al., 2006; Drake et al., 2006; Moran, 2006; Robinson et al., 2006) . Although there is information about the effects of the chemicals individually and combined on some apple ripening traits, there have been no reports about their combined effects on aroma volatile production. Because fruit flavor is integral to consumer acceptability, and aroma volatile production is sensitive to ethylene levels, understanding the potential interaction of AVG and 1-MCP is essential to their effective use and to avoiding possible adverse consequences. Thus, the objectives of this study were to assess the effects of AVG plus 1-MCP on 'Royal Gala' apple aroma volatile production at harvest and after short-term cold storage.
Materials and Methods
Treatments and harvest. In 2004 and 2005, eight trees of 'Royal Gala/M7a', planted in 1993 at the University of Kentucky Horticultural Research Farm in Lexington, KY, and maintained following standard commercial horticultural practices for the region, were selected. Four of the trees, one per row and none adjacent to one another or to control trees, were treated with an aqueous solution of AVG (ReTain; Valent Biosciences, Libertyville, IL) containing 500 mLÁL -1 Silwet L-77 (Helena Chemical Co., Collierville, TN) as surfactant 4 weeks before the expected normal harvest at the commercial rate of 124 g/a.i./ha (Commercial Tree Fruit Spray Guide, 2006) , and four trees were not treated (controls). The AVG was applied to leaves and fruit with a hand pump sprayer to the point of runoff. Control fruit were harvested at the beginning of ripening (H1) based on starch index and ethylene production, at 119 d after full bloom (DAFB) . There were four treatments at H1 (control, AVG, 1-MCP, and AVG plus 1-MCP) and two treatments at H2 (AVG and AVG plus 1-MCP). Fruit were ripened at 21°C for 7 d after postharvest treatment or were stored in cold storage for 6 or 12 weeks at 4°C and later ripened at 21°C for 7 d.
Internal ethylene concentration. Internal ethylene concentration (IEC) was measured on 10 fruit per treatment on Days 1 and 7 after harvest or 6 or 12 weeks of cold storage. A gas sample was taken from the seed cavity by inserting a needle attached to a 10-mL syringe through the calyx end, and a 0.2-mL subsample was analyzed by gas chromatography (HP 5890; Agilent Technologies, Wilmington, DE) equipped with a flame ionization detector (FID) and an alumina capillary column (AT-Alumina Plot GC Column, 30 m, 0.53 cm i.d.) containing activated alumina using N 2 as the carrier gas. Temperatures were 35, 175, and 125°C for oven, injector, and FID, respectively. An external standard (100 mLÁL -1 ethylene/helium; Alltech Associates Inc., Deerfield, IL) was diluted and used to quantify the amounts of ethylene.
Fruit tissue sampling. At 7 d after harvest or removal from 6 or 12 weeks of cold storage, the apples used for ethylene analyses were sectioned into peel and cortex, and tissue samples were frozen and stored at -80°C. For analysis of volatile production and AAT activity, composite peel and cortex samples were derived from three fruit. There were three replications of composite samples for each treatment and storage period.
Aroma volatile analyses. Headspace volatile production was measured on three %9 g peel and three %9 g cortex composite samples per treatment after thawing as described in Hamilton-Kemp et al. (2003) . Volatiles were identified from retention times matching those of authentic standards.
Alcohol acyl-CoA transferase activity. Alcohol acyl-CoA transferase activity was separately assayed on peel and cortex tissue of three 3-g composite samples per treatment, each composite from three apples. Tissues were frozen at -80°C 7 d after harvest or removal from 6 or 12 weeks of cold storage and were later analyzed using a method described by Echeverria et al. (2004) . AAT activity was expressed as mUÁmg protein -1 in which a unit (U) of activity is the increase in one unit of absorbance per minute. Total protein content of the enzyme extract was determined spectrophotometrically at 595 nm using the Coomassie Plus TM Protein Assay Kit (Pierce, Rockford, IL) following the manufacturer's instructions and using bovine serum albumin (Fisher Scientific, Fair Lawn, NJ) as a standard.
Volatile substrate supplied. Alcohol substrates were separately provided in the headspace to apple peel and cortex tissues to assess capacity for volatile synthesis. The experiment was conducted in 2005 using control and AVG plus 1-MCP-treated fruit stored for 12 weeks at 4°C. Fruit from storage were equilibrated at 21°C for 3 h.
Peel strips (10 to 12 mm wide) and cortex plugs (5 mm diameter, 50 to 80 mm length) were combined into nine separate 3-g composite samples, each composite from three fruit, per treatment and tissue type. All samples were placed on three layers of water-saturated filter paper in 15-mL glass jars sealed with Teflon-lined plastic screw caps. Three samples per treatment and tissue type were provided with 5 mL of 1-butanol or 1-hexanol (Fisher Scientific), and three samples not provided an alcohol were used as controls. Alcohol substrates were placed in small open glass containers inside the glass jars and allowed to evaporate to be available Fruit were treated with aminoethoxyvinylglycine (AVG) 1 month before harvest and/or 1-methylcyclopropene (1-MCP) immediately after harvest and ripened for 7 d at 21°C after harvest or after 4°C storage for 6 or 12 weeks. Ethylene was measured after 7 d. AVG-treated fruit were harvested with controls and 1 to 2 weeks later (H2). Fisher's least significant difference (LSD) at P = 0.05 is shown to compare means. LSD 10 7 6 7 54 17 z Fruit were treated with aminoethoxyvinylglycine (AVG) 1 month before harvest and/or 1-methylcyclopropene (1-MCP) immediately after harvest and ripened for 7 d at 21°C after harvest or after 4°C storage for 6 or 12 weeks. AVG-treated fruit were harvested with controls and 1 to 2 weeks later (H2). Fisher's least significant difference (LSD) at P = 0.05 is shown to compare means.
for tissue uptake. The sealed containers were placed in an incubator at 22°C for 24 h. Samples were then frozen at -20°C. For volatile analysis, samples were thawed in 15-mL glass jars sealed with Teflon-lined plastic screw caps containing a three-layer septum. Samples were equilibrated in a water bath to 26°C for 2 h and then placed at 21°C. Headspace volatiles were sampled as described previously.
Experimental design and statistical analysis. Each experiment was conducted using a completely random design. All data were subjected to analysis of variance, and means were compared by Fisher's protected least significance difference (P = 0.05) using SAS Version 9.1 software (SAS Institute Inc., Cary, NC).
Results and Discussion
Internal ethylene concentration. Control fruit had an IEC close to 1 mLÁL -1 1 d after harvest both years, whereas all treated fruit Aroma volatile production. Total volatile ester and alcohol production were derived from the sum of the area units of the identified ester and alcohol volatile compounds, including the esters (in descending order by amount from control fruit at harvest): ethyl-2-methylbutanoate, hexyl acetate, ethyl butanoate, 2-methylbutylacetate, butyl hexanoate, butyl acetate, hexyl hexanoate, hexyl 2-methylbutanoate, butyl 2-methylbutanoate, and butyl butanoate; and the alcohols: hexanol, 1-butanol, and 2-methyl-1-butanol. The total ester production by peel tissue of untreated control fruit was higher than that by cortex tissue both seasons (Table 2 ), but trends of controls over storage time differed between years. In 2004, total ester production of both tissues decreased over time in cold storage (peel total = 2301.4 -385.7x + 21x 2 , R 2 = 0.94, P < 0.01; cortex total = 1024.2 -177.7x + 9.5x 2 , R 2 = 0.89, P < 0.01; x is time in months; n = 9). In 2005, total ester production of treated with aminoethoxyvinylglycine (AVG) 1 month before harvest and/or 1-methylcyclopropene (1-MCP) immediately after harvest and ripened for 7 d at 21°C after harvest or after 4°C storage for 6 or 12 weeks. AVG-treated fruit were harvested with controls and 1 to 2 weeks later (H2). Fisher's least significant difference (LSD) at P = 0.05 is shown to compare means. both tissues increased over time in cold storage (peel total = 2874.5 -196.6x + 37.5x 2 , R 2 = 0.83, P < 0.01; cortex total = 1565.9 -32.2x + 15.9x 2 , R 2 = 0.95, P < 0.01). These patterns matched the patterns of ethylene production (Table 1) .
Treatments reduced peel esters after harvest by 28% or greater in 2004 and by 32% or greater in 2005 (Table 2) . By 6 and 12 weeks of cold storage in 2004, all the AVG and 1-MCP treatments were recovering ester production to levels greater than controls, but AVG plus 1-MCP values were still low irrespective of harvest date or storage duration. In 2005, 1-MCP and the AVG plus 1-MCP treatments failed to recover ester production through 12 weeks of cold storage. Although considerably lower than the total ester levels, total alcohols showed the same general responses.
Six esters comprised nearly 90% of the total esters produced by control fruit peel tissue after harvest. These individual esters generally exhibited the same treatment effects as observed with TVP (Table 3) . Ethyl-2-methylbutanoate (sweet, strawberry aroma) and ethyl butanoate (fruity aroma) were the most abundant, even if repressed by the treatments. Three of the suppressed esters, hexyl acetate (ripe, pear aroma), butyl acetate (nail polish aroma), and 2-methylbutylacetate (solvent aroma), are considered key 'Gala' aroma volatiles (Plotto et al., 2000) . Irrespective of the trends in control ester production and the recovery of AVG and/or 1-MCP treatments alone, the combined AVG plus 1-MCP treatments most consistently suppressed volatile production through 12 weeks of cold storage.
Alcohol-acyl transferase activity. AAT activity per milligram protein in peel and cortex tissue of 'Royal Gala' apples was similar (Table 4) Because total peel ester production was reduced both years, this suggests that substrate levels were affected by the treatments and impacted total ester production.
Volatile substrate supplied. Peel and cortex tissue of control and AVG plus 1-MCPtreated fruit stored at 4°C for 12 weeks were provided butanol or hexanol, and their ester production compared. Overall, total ester production (TEP) was higher from peel than cortex tissue. TEP of control fruit peel tissue not supplied with alcohol substrates was almost four times higher than from AVG plus 1-MCP-treated peel (Fig. 1) , whereas there were no differences between the respective cortex tissues. TEP by peel of control versus AVG plus 1-MCP-treated samples were similar when they were provided with either butanol or hexanol. Control peel provided with hexanol had fivefold higher TEP than peel not supplied with hexanol. When provided butanol, control fruit cortex tissue had higher TEP than AVG plus 1-MCPtreated cortex, but TEP by cortex of control and treated fruit was similar when samples were provided with hexanol.
In the present study, control fruit were harvested at similar days after bloom, similar starch indices, and IEC levels close to 1 mLÁL -1 in both years and were starting to ripen. In addition, control IEC increased significantly within 7 d at 21°C both years (data not shown). Although harvested at similar days after full bloom and apparent physiological status both years, IEC responses to AVG and 1-MCP individually and to cold storage duration differed between the two seasons. This suggests that production environment or other preharvest factors also affected the fruit. The average temperature from bloom (20 Apr.) to harvest (15 Aug.) was 5°C higher in 2004 than in 2005. The combined treatment exhibited the lowest IEC levels through 12 weeks across seasons, however (Table 1) .
Irrespective of the differing patterns of control fruit IEC and TVP production between years, AVG plus 1-MCP generally had a greater and more consistent impact on both IEC and TVP than either alone after harvest and through 12 weeks of cold storage both seasons, although synergistic effects were not observed (Tables 1 and 2 ). AVG and 1-MCP alone have suppressed ethylene production and slowed ripening for varying NS z Fruit were treated with aminoethoxyvinylglycine (AVG) 1 month before harvest and/or 1-methylcyclopropene (1-MCP) immediately after harvest and ripened for 7 d at 21°C after harvest or after 4°C storage for 6 or 12 weeks. AVG-treated fruit were harvested with controls and 1 to 2 weeks later (H2). Fisher's least significant difference (LSD) at P = 0.05; NS indicates nonsignificant difference among treatments. Fig. 1 . Total ester production (TEP) by peel (A) and cortex (B) of 'Royal Gala' apples provided with alcohol substrates. Peel and cortex tissue of fruit that had been stored for 12 weeks at 4°C were incubated with no alcohol (control), 1-butanol, or 1-hexanol for 24 h, and volatile ester profiles were subsequently measured. Different lower case letters indicate significant differences between control and aminoethoxyvinylglycine (AVG) plus 1-methylcyclopropene (1-MCP) peel or cortex tissue within alcohol substrate separated by least significant difference (LSD) at P = 0.05; different upper case letters indicate significant differences among alcohol substrates categories within tissue type and treatment (control or AVG plus 1-MCP) separated by LSD at P = 0.05 within date. ns = no significant difference.
periods of time after harvest and/or cold storage (Autio and Bramlage, 1982; DeLong et al., 2004; Drake et al., 2005 Drake et al., , 2006 Johnson and Colgan, 2003; Mattheis et al., 2005; Moya-Leon et al., 2007; Rupasinghe et al., 2000; Schupp and Greene, 2004; Silverman et al., 2004) , although their effects often diminished when used alone in the present work. The effects of 1-MCP diminished with storage time in 2004, and those of AVG did so in 2005. The combined treatment seemed to assure that ethylene and TVP were consistently suppressed. Reduced TVP production by the AVG plus 1-MCP treatment was likely the result of substrate limitation, although AAT activity was also reduced in 2004. Ester synthesis can be limited by the concentration of substrates (Berger and Drawert, 1984; Echeverria et al., 2004) . Peel and cortex tissues provided butanol or hexanol appeared capable of abundant volatile production (Fig. 1) . Similar results from feeding precursors were observed after 1-MCP treatment alone (Ferenczi et al., 2006) . Defilippi et al. (2005a Defilippi et al. ( , 2005b indicated a clear regulation of AAT activity by ethylene, whereas alcohol dehydrogenase (ADH) and lipoxygenase (LOX), which provide volatile precursors, were not. However, Da-Peng et al. (2006) observed a reduction in both ADH and LOX after 1-MCP treatment, indicating substrate levels may be altered. Total alcohol production recovered in most treatments in the present study, although AVG plus 1-MCP levels remained low, if not the lowest, through 12 weeks (Table 2) . Plotto et al. (1999) described a decrease in sensory scores for fruitiness of controlled atmosphere-stored 'Gala' apples that was correlated with a decrease in aroma volatile levels. At least some consumers may be able to distinguish 1-MCP-treated fruit by their low aroma volatile production (Marin et al., 2009) . Because AVG plus 1-MCP repressed IEC and TVP the most, including key 'Gala' aroma volatiles, the treatment would negatively affect consumer acceptability. A longer period at 21°C (Ferenczi et al., 2006) , combined with sustained C 2 H 4 treatment (Berger and Drawert, 1984; Fan et al., 1998; Johnson and Colgan, 2003) , may be required for AVG plus 1-MCP-treated fruit to recover volatile production, although how the extended period and treatment may influence other quality traits would need to be determined.
